Background--Data are sparse regarding the value of physical activity (PA) surveillance among older adults-particularly among those with mobility limitations. The objective of this study was to examine longitudinal associations between objectively measured daily PA and the incidence of cardiovascular events among older adults in the LIFE (Lifestyle Interventions and Independence for Elders) study.
C ardiovascular disease (CVD) is the leading cause of death in the United States and worldwide. 1 In the United
States, more than 2200 Americans die every day from cardiovascular-related causes, and persons older than 65 years account for nearly 80% of these deaths. 2 Older adults also account for nearly 75% of cardiovascular-related healthcare expenditures. 3 Notably, these personal and public health costs are likely to dramatically increase in coming years as the number of Americans 65 years and older is expected to double by the year 2050.
populations. 5, 6 However, less is known regarding the influence of habitual or daily PA in preventing cardiovascular events among older adults. In particular, data are lacking regarding the influence of daily PA on cardiovascular risk among older adults with mobility limitations that restrict the ability to engage in PA.
Although associations between the quantity of PA and cardiovascular risk factors have been reported in older adults, few have made these connections using objective measurements of PA. To date, most studies have relied on self-reported measures of PA, which commonly misclassify the volume and/or intensity of PA. 6 Although PA has been shown to have an inverse relationship with cardiovascular risk factors and morbidity, 4 it is unknown whether participation in activity reduces cardiovascular incidence in populations of older adults displaying habitually low levels of PA. Prospective studies to date have largely focused on increasing exercise participation, although formal exercise interventions have been insufficient in reducing the incidence of cardiac events in this population. 7 However, few studies have utilized objective measurements using accelerometry to evaluate cardiovascular risk in older adults. The benefits of using accelerometry as an objective means to measure activity levels in older adults have been previously explored. 8, 9 Most notably, these include triaxial measurement of movement in 3 orthogonal directions, so as to capture both linear and rotational movements, and measurement of both duration and intensity of activity. These noninvasive and objective measurement devices do not require participants to undergo training, can be worn without interfering with an individual's daily activities, and precisely measure low levels of activity. We previously evaluated the association of baseline activity patterns (via triaxial accelerometry) of participants in the LIFE (Lifestyle Interventions and Independence for Elders) study with predicted cardiovascular risk using a Framingham risk prediction model for hard coronary heart disease. 10 This study found that every 25 to 30 min/d spent being sedentarydefined by <100 accelerometry counts per minute-was associated with a 1% higher predicted risk of myocardial infarction (MI) or coronary-related death. Conversely, daily time spent in activities registering 100 to 499 counts per minute was associated with lower predicted hard coronary heart disease risk. Every 30 to 35 minutes of inactivity in this range was also associated with a 1-mg/dL lower circulating high-density lipoprotein cholesterol concentration. Somewhat surprisingly, however, the mean intensity of daily activities was not associated with predicted cardiovascular risk in this population. These data also indicated a significant interaction between sex and activity count for those without CVD, as counts per minute were related to hard coronary heart disease risk in women but not men. To our knowledge, our prior study was the first to report associations of habitual PA with cardiovascular risk in a clinically representative population of older adults with mobility limitations. However, the cross-sectional nature of the study prevented the ability to draw causal inferences and provided only a projection of cardiovascular risk. Therefore, the overarching objective of the present study is to expand on these prior findings using longitudinal assessment of accelerometry-based PA patterns and the observation of cardiovascular events among this population. This study evaluates the extent to which objective measures of daily PA assessed via accelerometry at baseline and measured longitudinally (0, 6, 12, and 24 months) are associated with cardiovascular events among mobility-limited older adults who participated in the LIFE study.
Methods

Study Overview
The data sets generated and analyzed during the current study are available in the LIFE study repository at https:// www.thelifestudy.org/public/index.cfm, and are available
Clinical Perspective
What Is New?
• The use of initial and recurring accelerometry measurements may provide useful metrics regarding the impact of older adults' daily lifestyle on cardiovascular risk.
• The present findings suggest that even a single baseline assessment can provide useful information regarding cardiovascular event incidence that can aid in targeting modifiable risk factors.
• This study is one of the first to use accelerometry to explore activity levels and health status among older adults with mobility limitations.
What Are the Clinical Implications?
• Accelerometry measures could serve as an objective, noninvasive, risk monitoring tool for the older adult population.
• Identification of volume and/or intensity of daily physical activity could clinically translate into initial physical activity recommendations and long-term physical activity monitoring and modification.
• Individuals should talk to their healthcare provider before initiating an individual exercise program and discuss what activity levels are recommended for their current health status.
• These findings contribute to an overall wellness recommendation for increased low-level physical activity.
from the LIFE study investigators upon reasonable request. The LIFE study was a phase 3 multicenter randomized controlled trial designed to evaluate the efficacy of a longterm PA intervention compared with a successful aging health education (HE) intervention for reducing the incidence of major mobility disability among mobility-limited older adults. Briefly, the LIFE study team randomized 1635 participants from 8 locations throughout the United States and implemented the trial between February 2010 and December 2013. Details about specific study design and implementation of the LIFE study have been previously reported. 11, 12 Institutional review boards at all participating sites approved the study protocol, and written informed consent was obtained from all study participants. The trial was monitored by a data and safety monitoring board appointed by the National Institute on Aging and was registered at http://www.clinicaltrials.gov (NCT01072500) before participant recruitment.
Participants and Study Entry
Details about specific recruitment strategies and inclusion criteria for the LIFE study have been previously reported. 11, 12 Briefly, participants were eligible for the study if they: (1) were between the ages of 70 and 89 years, (2) were at high risk for mobility disability based on objectively measured lowerextremity functional limitations, (3) were able to walk 400 m in ≤15 minutes, (4) This questionnaire assesses engagement in moderate-intensity activities as well as engagement in all specified physical activities to discern the frequency and duration of PA usually undertaken by an older adult.
Study Interventions
Participants were randomized to either the PA or HE intervention via a secure, web-based data management system using a permuted block algorithm (with random block lengths) stratified by field center and sex. Both intervention groups received an initial individual 45-minute face-to-face question and answer session, in which a health educator explained the intervention, communicated expectations, and answered questions.
14 The PA intervention involved walking (with a goal of 150 min/week), strength, flexibility, and balance training. 11 The intervention included attendance at 2 center-based visits per week and home-based activity 3 or 4 times per week for the duration of the study. A protocol was in place to restart the intervention for the participants who suspended PA for medical reasons. The PA intervention sessions were individualized and progressed toward a goal of 30 minutes of walking daily at moderate intensity, 10 minutes of primarily lower extremity strength training by means of ankle weights (2 sets of 10 repetitions), 10 minutes of balance training, and large muscle group flexibility exercises. The participants began with lighter intensity and gradually increased the intensity over the first 2 to 3 weeks of the intervention. The Borg scale of self-perceived exertion, 15 which ranges from 6 to 20, was used to measure intensity of activity. Participants were asked to walk at an intensity of 13 (activity perception "somewhat hard"), and lower extremity strengthening exercises were performed at an intensity of 15 to 16. Further details regarding the training program are available elsewhere. 11, 13 Participants in the HE intervention were assigned to attend small group sessions weekly for the first 26 weeks and monthly thereafter. The educational sessions included topics relevant to older adults and were intended to increase awareness relative to a variety of health topics including how to effectively negotiate the healthcare system, medications, foot care, preventive services and screenings recommended at different ages, how to travel safely, and nutrition. Each session concluded with a short instructor-led program (5-10 minutes) of upper extremity stretching exercises. Information relative to PA was purposely avoided, with the exception of a PA brochure presented to participants during the first HE session.
Accelerometry
Daily PA was objectively measured using a hip-worn, solidstate triaxial accelerometer (ActiGraph GT3X) at 0, 6, 12, and 24 months. Participants were asked to wear the device at all times-except while bathing, sleeping at night, or swimming -for a minimum of 7 consecutive days. Movement was captured along the vertical axis in 1-second epochs, and nonwear time was classified using a previously published algorithm 16 that flags areas where there is a 90-minute time window of zero counts per min after allowing a 2-minute interval of nonzero counts for artifactual movement detection. We limited our analyses at each time point (0, 6, 12, and 24 months) to participants who wore the device for at least 10 hours per day for a minimum of 3 days. Participants with valid data for at least one time point were included in the present analyses. Currently, there are no well-accepted, evidence-based accelerometry cut points for PA in mobilitylimited older adults. Therefore, the cut point for PA was chosen based on current best practices from the literature. Sedentary behavior was defined as <100 counts per minute 17 and PA was categorized as activities registering ≥100 counts per minute. Furthermore, PA was divided into 2 incremental intensity categories identified by accelerometer-detected ranges of 100 to 499 counts per minute and activities registering ≥500 counts per minute.
Assessment of Cardiovascular Events
At each 6-month contact, participants (or a proxy informant if the participant was not available) were questioned about all hospitalizations since the last visit. Hospital records were obtained to abstract for the standard criteria for the primary and secondary outcomes, blinded to intervention assignment. The primary outcome in the LIFE study was major mobility disability, while total CVD was a predefined secondary outcome and included MI, silent MI, hospitalized angina, congestive heart failure, revascularization with bypass surgery or percutaneous angioplasty, aortic aneurysm, peripheral artery disease, stroke, and transient ischemic attack. Records and abstraction forms were sent to the coordinating center for central review by 2 physicianinvestigators, with adjudication as definite, probable, or not confirmed by 2 reviewers. If there were differences between reviewers, cases were adjudicated by consensus of the full committee. Only definite events were included in this report. Reports of death were tracked through regular surveillance and death certificates were obtained to supplement the hospital record review. Silent MI was assessed by ECGs obtained at 18 and 36 months and read at a central reading center. The time from randomization date to the first cardiovascular event, fatal or nonfatal, was used to define incidence during the trial. Analyses were conducted and assessed for the overall sample and stratified according to history versus no history of CVD.
Statistical Analysis
Baseline characteristics including randomization, demographic characteristics, and self-reported disease history were summarized using means (SDs) for continuous measures and counts (percentages) for discrete measures. A series of Cox proportional hazards regression models stratified by field center and sex were used to explore the association between accelerometry measures and cardiovascular events. Event time was defined as the time from randomization to the initial CVD event and censoring time as the time from randomization to the last assessment or death.
Five baseline daily accelerometry measures of interest were included in this analysis one at a time: total activity counts, total step counts, sedentary time (minutes of activity count <100 counts per minute), minutes of activity count ≥500 counts per minute, and 30-minute peak cadence. Model 1 adjusted for randomization and accelerometer wear time. Model 2 added race, age, education, marital status, and whether a participant lived alone. Model 3 further added history of diabetes mellitus, history of CVD, use of antihypertensive drugs, and use of lipid-lowering drugs. Finally, Model 4 further added systolic blood pressure, diastolic blood pressure, ankle-brachial index, and Pittsburgh Sleep Quality Index (PSQI) scores. The analyses were performed using R (survival package). 18 Considering multiple comparisons, a conservative
Bonferroni correction with P<0.01 (P=0.05/5 for 5 individual accelerometry measures).
To study how different levels of PA were associated with cardiovascular events, 2 intensity levels: (1) minutes of activity counts 100 to 499 counts per minute, and (2) minutes of activity counts ≥500 counts per minute, were included in a model simultaneously. Because the model was adjusted for accelerometer wear time, the third PA intensity level, (3) sedentary time, was not fitted to avoid singularity. The interaction between the 2 intensity levels was also tested. The interaction was removed from the model when not significant. Each accelerometry measure was also defined as a timedependent variable and refitted to allow for time-dependent covariates. Time-varying covariate models used accelerometry data at baseline to assess association with CVD events in the interval from 0 to 6 months; 6-month PA data for associations with CVD events during 6 to 12 months; 12-month PA data for associations with CVD events during 12 to 24 months; and 24-month PA data for associations with CVD events at >24 months. Additional analyses included: (1) testing the interaction between each PA measure and randomization, (2) a sensitivity analysis to evaluate the influence of CVD history on outcomes, and (3) the evaluation of the association between self-reported moderate-intensity PA as measured by the CHAMPS questionnaire and cardiovascular events.
Results
Data from a total of 1590 LIFE participants were included in the present study. Forty-five participants did not have sufficient valid accelerometry data, and were therefore excluded from the present analysis. The mean (AESD) age of included participants was 78.9AE5.2 years, 67.2% were women, and 23.6% were racial/ethnic minorities. Just over a third of participants were married (35.9%), and the majority of participants reported having a college education (63.8%). In general, participants were cognitively intact as evidenced by scores on the Modified Mini-Mental State Examination (3MS) (91.7AE5.4 points), showed low levels of depressive symptoms according to Center for Epidemiologic Studies Depression Scale (CESD) scores (8.5AE7.8), and had relatively poor sleep quality according to PSQI scores (5.9AE3.8). Based on self-report, 7.9% of participants experienced a previous MI, 4.3% reported a history of congestive heart failure, and 19.6% reported a history of other cardiovascular conditions. For the present study, a total of 234 cardiovascular events were included (HE:PA=113:121) for a total incidence of 14.7%. Additional detail regarding participant demographic characteristics is provided in Table 1 .
At baseline, participants wore accelerometers for a mean of 7.95AE3.24 valid wear days and 837.1AE111.1 min/d (ie, ≥10 h/d). They spent 647AE116 min/d of their baseline wear time (647/837=77%) being sedentary (ie, <100 counts per minute). The remaining (nonsedentary) time was spent in activity registering 100 to 499 counts per minute (137AE43 min/d) with a smaller portion (53AE38 min/d) spent performing activities registering ≥500 counts per minute. Participants also accrued 2681AE1475 steps per day with a peak average cadence of 34.8AE17.2 steps per 30 minutes during the baseline measurement period.
The association of baseline accelerometry measures with incidence of cardiovascular events is shown in Table 2 (individual PA). Most notably, every 30 minutes spent engaging in activities registering ≥500 counts per minute was associated with a 25% decrease in cardiovascular event risk (P=0.001). At baseline, participants had an 11% lower chance of experiencing a subsequent cardiovascular event per 500 steps taken per day (P=0.001). Meanwhile, every 30 min/d spent being sedentary was associated with a 13% increase in risk of cardiovascular events (P=0.002) after adjustment. Total number of activity counts per day was also negatively associated with the risk of cardiovascular event (P=0.001), while peak cadence of activity was not significantly associated with cardiovascular event risk. There were no significant interactions of any of these accelerometry measures with the randomized arm (all P values >0.05). The Min/d ≥500 counts per min (30 min) 0.68 (0.57-0.83) models were fitted with 2 levels of activities at baseline, minutes of activity 100 to 499 counts per minute, and minutes of activity ≥500 counts per minute, simultaneously. Minutes of activity ≥500 counts per minute was negatively associated with cardiovascular risk after adjusting for minutes of activity 100 to 499 counts per minute and other covariates, while minutes of activity 100 to 499 counts per minute was not associated with cardiovascular event risk, as shown in Table 2 (joint PA). The interaction between minutes of 100 to 499 counts per minute and ≥500 counts per minute was not significantly associated. Across all data collection visits, participants spent 648AE114 min/d of their wear time (78.2%) being sedentary (ie, <100 counts per minute). The remaining time was spent in activity registering 100 to 499 counts per minute (131AE44 min/d) and ≥500 counts per minute (51AE35 min/d). Participants also accrued 2625AE1545 steps per day. Accelerometry data across study visits are shown for all participants in Table 3 .
The longitudinal association of accelerometry measures with cardiovascular events based on time-varying models is shown in Table 4 . Using these longitudinal data, minutes per day spent engaging in activities registering ≥500 counts per minute had the strongest association with cardiovascular events (P=0.002). In addition, every 500 steps taken were associated with a 10% decrease in cardiovascular event risk (P=0.001), as well as a 6% decrease in cardiovascular event risk for every 10 000 activity counts recorded (P=0.003). There were no significant interactions of any accelerometry measures with treatment group (all P values >0.05). Moreover, sensitivity analyses revealed that CVD history did not influence associations of any PA exposures with cardiovascular events (all P values >0.05). Lastly, self-reported PA via the CHAMPS questionnaire was not significantly associated with events in either the baseline model (hazard ratio, 1.00; 95% confidence interval, 0.97-1.04) or the longitudinal model (hazard ratio, 0.99; confidence interval, 0.96-1.02). Similar to the baseline PA joint model, minutes of activity counts ≥500 counts per minute was negatively associated with cardiovascular event risk, while minutes of activity counts 100 to 499 counts per minute was not associated with cardiovascular event risk. However, the interaction between minutes of 100 to 499 counts per minute and ≥500 counts per minute was significant for cardiovascular event incidence, as shown in Table 4 (Joint PA).
Discussion
The national burden of morbidity and mortality caused by CVD events remains high, 2 calling for cost-efficient and effective preventative measures. Regular engagement in PA is an important factor in maintaining cardiovascular health, and as Table 3 . Accelerometry-Measured Physical Activity Data by Randomized Arm and Visit HE (n=671) PA (n=646) HE (n=656) PA (n=653) HE (n=661) PA (n=581) HE ( such, several scientific and public health bodies have created minimum PA guidelines for improving cardiovascular health. 6, 19, 20 However, despite these guidelines, questions remain about the proper prescription of PA among several populations-including older adults with mobility limitations. In fact, although these guidelines were created to apply to all adults, the gradations of cardiovascular risk among mobilitylimited older adults who may be unable to meet these recommendations are unknown. Thus, objective measurements of PA, such as those obtained by accelerometers, which accurately classify the volume and/or intensity of PA, may assist in refining PA recommendations for this population.
The primary finding of this study is that objective measurement of PA via accelerometry was significantly associated with incidence of cardiovascular events among older adults with limited mobility. These findings suggest that the use of initial and recurring accelerometry measurements may provide useful metrics regarding the impact of seniors' daily lifestyle on cardiovascular risk. This noninvasive measure does not require participant training and provides objective data for monitoring and assessing CVD risk. In fact, the present findings suggest that even a single baseline assessment can provide useful information regarding cardiovascular event incidence, which can aid in targeting modifiable risk factors. The aim for future use of accelerometry data includes identification of likelihood of experiencing a cardiovascular event based on habitual activity levels, and not the reduction of cardiovascular risk through the use of an exercise intervention.
Notably, the present study did not indicate a significant interaction between accelerometry measures and the randomized arm in relation to cardiovascular events. This finding is in line with results from recent large, longitudinal clinical trials-including the LIFE study-indicating limitations in structured activity interventions for reducing CVD incidence among high-risk populations. 7, 21 It remains possible that responses to interventions may not be observed because baseline levels of activity as even small amounts of daily activity may provide CVD protection-although more studies in this area are needed to confirm this hypothesis. In addition, the present study did not indicate an association of self-reported PA from the CHAMPS survey with CVD. As has been previously explored, 7 this could be attributable to a lack of sensitivity from self-report as well as a potential issue of intensity in the way in which CHAMPS is graded. While accelerometry is capable of accurately capturing low levels of PA, the CHAMPS survey may not be graded in a way that allows for a precise measurement of low-level activity.
Study Strengths and Limitations
The present study had several strengths including a clinically relevant study population, multisite design, relatively large sample size, and use of an objective measurement of PA. Limitations of this analysis include missing accelerometry data, the lack of generalizability of conclusions to populations other than older, mobility-limited adults, and the potential for residual confounding. Still, these data do suggest that accelerometry measures could serve as an objective, noninvasive, risk monitoring tool for the older adult population. Identification of volume and/or intensity of daily PA could clinically translate into initial PA recommendations, and long-term PA monitoring and modification. Individuals should talk to their healthcare provider before initiating an individual exercise programs and discuss what activity levels are recommended for their current health status. While individuals in this population should be discussing individual exercise programs with a healthcare provider before initiating an exercise program, these findings contribute to an overall wellness recommendation for increased low-level PA. An increase in habitual activity could be a way to decrease time spent sedentary and allow individuals to benefit from the health advantages of engagement in low-level PA. Clinically, healthcare professionals can discuss the benefits of low-level activity outside of formal exercise. This assessment tool may also allow researchers to target additional modifiable risk factors in combination with adjustments in daily activity levels. Presently, however, the lack of established guidelines for classifying accelerometry measures in this population limits the ability to immediately translate these findings into public health recommendations. This study is one of the first to use accelerometry to explore activity levels and health status among older adults with mobility limitations. While public health guidelines recommended 150 minutes of moderate to vigorous activity per week, many individuals in this population are unable to participate in this level of activity.
Conclusions
Previous studies 10, 22 and the current findings show that lower levels of activity may be potentially warranted, as there are health benefits related to the amount of activity individuals in this population may be capable of engaging. While accelerometers are an expensive research tool that produce data which may be difficult for a member of the general population to interpret, pedometers are a low cost and easy-to-use alternative device for individuals to clinically monitor their daily activity duration and step count. While accelerometry could potentially be used as an additional vital sign to aid in clinical guidance for determining overall health and risk, more research is ultimately needed to interpret accelerometry data on an individual level and for provision of recommendations in a clinical setting.
